Using two theoretical models (the post form finite range distorted wave Born approximation and the adiabatic model) we calculate the parallel momentum distribution of the charged core in the Coulomb breakup of Be isotopes on a heavy target at 100 MeV/u. We show that the full width at half maxima of the parallel momentum distribution can be used to study the breakdown of N = 8 magic number away from the valley of stability.
Introduction. The concept of magic numbers is one of the enduring features of the shell model. Based mostly on the study of nuclei on or close to the stability line it was found that if the neutron number (N ) or the proton number (Z) was any of 2, 8, 20, 28, 50, 82 or 126, the nucleus was exceedingly stable. This was confirmed through the studies of Q-value of beta decay, the single nucleon separation energy, and excitation energy of the first excited state of an even-even nucleus [1] . However, over the last two decades, the experiments performed with nuclei lying far off the stability line have shown that these magic numbers can disappear [2, 3] as one approaches the proton or neutron drip line. The breakdown of magic numbers is also related with the disappearance of the shell gaps or the mixing of single particle orbitals, which are well-separated in stable isotopes. For example, the halo structures of 11 Be [4, 5] and 11 Li [6] can be explained by considering the valance neutron(s) in the intruder 2s 1/2 orbit, that indicates the breakdown of N = 8 shell closure.
The breakdown of shell model magic numbers was first observed in neutron rich Na and Mg isotopes corresponding to N = 20 shell closure [7] . In fact, in the region around N = 20, strongly deformed nuclei have been found where the inversion between normal-sd and intruder-pf shell has been suggested (the "island of inversion") [8] . The large B(E2) values and low lying first excited states (which on the other hand for the nuclei at shell closures have been found at relatively large excitation energies), suggest the breakdown of magic number N = 20 [9, 10] .
The magic number N = 8 is the lowest magic number after the trivial N = 2 and it comes from any phenomenological potential model description of the nucleus, even without the spin-orbit coupling. The indications of N = 8 shell melting in neutron rich Be isotopes came from the abnormal ground state spin parity 1/2 + observed in case of 11 Be, which as already mentioned, was explained by considering the 2s 1/2 orbital lower in energy than the 1p 3/2 orbital. In case of 12 Be, breakdown of N = 8 magic number has been suggested on the basis * shub1dph@iitr.ac.in † rcfphfph@iitr.ac.in of its slow β-decay to 12 B [11] , and later on, this has been confirmed in many experiments [12] [13] [14] [15] [16] [17] . As mentioned in Ref. [17] , the cluster structure formation in the low mass region could be a possible reason for shell melting. Another explanation, from a nuclear structure point of view, has been traced to the spin-isospin interaction between the proton and neutron orbit [2, [18] [19] [20] .
In this report we return to the study of magicity near the N = 8 (Be region) as one approaches the neutron drip line from a reaction point of view. The specific reaction observable that we choose is the parallel momentum distribution (PMD) of the charged fragment, in the Coulomb dissociation of the projectile in the field of a heavy target. Indeed it has been well known that the full width at half maxima (FWHM) of the PMD for the breakup of well known halo nuclei like 11 Be and 19 C is around 44 MeV/c, while that for stabler isotopes it is around over 140 MeV/c [21, 22] . Our hypothesis is that for the case of magic numbers a larger FWHM should be seen than the neighbouring isotopes.
Formalism. We use two well established theoretical methods -the post form finite range distorted wave Born approximation (FRDWBA) [23] and the adiabatic model (AD) [24] , for our calculations. Both theories are fully quantum mechanical and owe allegiance to the post form of the reaction theory. The initial and final state Coulomb interactions are also included to all orders.
We consider a breakup reaction of the type; (a + t → b + c + t), where the projectile a break up into fragments b (charged) and c (uncharged) in the Coulomb field of a target 't ′ . The PMD of the charged fragment b is given by: dσ dp z = dΩ c dp x dp y m b p b 2π
where p x and p y are the x-and y-components of the momentum p b of fragment b having mass m b . v a is the relative velocity of a in the entrance channel and
is the three-body final state phase space factor. For the FRDWBA case, the reduced transition ampli-tude β ℓm is given by
The ground state wave function of the projectile φ lm a (r 1 ) is contained in the first term (vertex function), while the second term which essentially describes the dynamics of the reaction, containing the Coulomb distorted waves χ (±) can be expressed in terms of the bremsstrahlung integral [25] . α, γ and δ are mass factors pertaining to the three-body Jacobi coordinate system (see Fig. 1 of Ref. [23] ). In Eq. 2, K is an effective local momentum appropriate to the core-target relative system and q i 's (i = a, b, c) are the Jacobi wave vectors of the respective particles. For more details on these quantities we refer to Ref. [23] .
In case of the adiabatic approximation if one assumes that the dominant projectile breakup configurations excited are in the low energy continuum, then the reduced transition amplitude can again be written [26] into two parts -the structure part and the dynamics part, similar to Eq. (2) as,
The input to this model as in Eq. (2) is again the full ground state wave function of the projectile φ lm a (r) = i ℓ u ℓ (r)Y ℓm (r), where u ℓ (r) is the radial part and Y ℓm (r) are the spherical harmonics. To obtain a realistic u ℓ (r), the radial Schrödinger equation is solved with a WoodsSaxon potential (radius and diffuseness parameters taken as 1.15 fm and 0.5 fm respectively), whose depth is adjusted to reproduce the binding energy of the projectile. At this stage it is worthwhile to remember that although the breakup amplitudes, Eqs. (2) and (3), look quite similar they are the result of different approximations to the total wave function in the post form reaction theory. While the FRDWBA formalism assumes that the breakup states are weakly coupled, the AD model wavefunction is derived exactly if one makes the 'adiabtic approximation', stated above. Further discussion on these theories, including their applications on the breakup of halo nuclei on heavy targets can be found in Ref. [23] .
Results and discussions. In Table I , we present the FWHM from the PMD of the core in the Coulomb breakup of Be isotopes (N = 5, 6, 7, 8) on Au target at beam energy of 100 MeV/u, using both the FRDWBA and the adiabatic model.
Let us now make a few comments on the single particle structure of the Be isotopes considered in Table I to a tightly bound 10 Be nucleus having 9 Be + n separation energy 6.812 MeV. This is an even-even nucleus having J π = 0 + and also follow the normal shell ordering. However, further addition of one more neutron leads to 11 Be, which is one of the oldest example of intruder configurations [4] , where 2s 1/2 orbital is situated below the 1p 1/2 orbital. This is a well known one-neutron halo nucleus with S n = 0.501 MeV.
The next isotope is 12 Be, which corresponds to N = 8 shell closure. Its ground state spin suggests that the possible configuration of the last two valance neutrons could
However, it has been shown in many theoretical [28] [29] [30] [31] as well as experimental studies [12] [13] [14] [15] [16] that there is an admixture of 2s1d and 1p orbitals in the ground state of 12 Be, which is also an indication of the breakdown of N = 8 magic number. However, for our calculations we take the dominant single particle configuration, 11 Be(1/2 + )⊗2s 1/2 ν, as in Ref. [13] . The N = 9 Be isotope ( 13 Be) is known to have only two levels [32] , both of which are resonance states with some uncertainties in their positions. Keeping this aside, we shall therefore limit our analyses from N = 5 − 8 Be isotopes.
We now turn our attention back to the FWHM calculated in Table I . The FWHM of the PMD is the smallest for 10 Be, which is obtained from the breakup of the well known halo nucleus 11 Be. Our calculated results compare quite well with the experimental value of 43.6 ± 1.1 MeV/c [21] , obtained from the breakup of 11 Be on heavy targets at 63 MeV/u beam energy. For the case of N = 8, experimental results exist for the breakup of 12 Be on a light target [13] at 78 MeV/u beam energy. Their value of 89 MeV/c (extracted from Fig. 2(a) of Ref. [13] , for the s-state) compares quite well with our breakup calculations on a heavy target.
At this stage it is worthwhile to note that the width of the PMD is independent of the reaction mechanism. In fact, two empirical models of fragmentation by Goldhaber [33] and Morrissey [34] , suggest that the width of PMD does not depend upon target mass at all. This has also been confirmed in many experiments [22, 35, 36 ] as well as in theoretical studies [37, 38] involving fragmentation reactions. Next comes the question of beam energy dependence of PMD in the breakup process. It has been observed that the width of the PMD remains nearly constant for a wide range of beam energies (50 MeV/u -2 GeV/u) [39, 40] , except for those below 10 MeV/u [41, 42] . However, it is important to note that for an analysis of the type reported in our study, calculations or experiments must be done in the same range of beam energies, in order to make any inference independent of beam energy. Nevertheless, it is interesting to note that the maximum FWHM is obtained for N = 6 and not for N = 8 (the usual magic number). This is indeed a comment on the breakdown of magicity for N = 8 near the drip line. However, to dispel any ambiguity, let us also analyse the effect of mixing various single particle configurations in accordance with their spectroscopic factors (0. 42 10 Be) suggests that N = 6 could be a magic number, which is also in agreement with the studies of Refs. [2, 18] .
Conclusions. In conclusion, using Coulomb breakup reactions on a heavy target we studied the breakdown of magic number N = 8 for the neutron rich Be isotopes using PMD of the charged fragment. A relatively small FWHM of PMD of the core in the breakup of 12 Be is an indication of the breakdown of N = 8 magic number. In contrast, N = 6 shows the signature of a magic number. The width of the PMD is known to be independent of the target mass in the fragmentation process and is also nearly constant over a wide range of beam energies. Therefore, our hypothesis to use the PMD in Coulomb breakup to study magic numbers can be used to predict breakdown and emergence of new magic numbers in exotic nuclei in a simple manner. Further applications of this hypothesis to study other magic numbers and shell gaps are in progress.
This text presents results from research supported by the Department of Science and Technology, Govt. of India (SR/S2/HEP-040/2012).
